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The transmission bandwidth of a modern fiber-optic communication systems depends on the 
modulation bandwidth of optical signal transmitters, as well as the computation speed of 
photonic components for optical signal processing. Nowadays, the rapid development of various 
bandwidth-hungry network products urges the research on optical transmitters and photonic 
circuits that could support high bit-rate optical signal communication and computation. The 
objective of this dissertation is to investigate on laser transmitters that allow ultrafast 
modulations, as well as on photonic integrated circuits components in nonlinear chalcogenide 
glass substrates that are capable of ultrafast all-optical signal processing. 
Vertical cavity surface emitting lasers (VCSELs) offers superior properties as signal 
transmitters in the fiber-optic communication network, such as large modulation bandwidth, low 
coupling loss with optical fibers, and low fabrication cost. As the modulation bandwidth of 
VCSELs are limited due to their relaxation modulation frequency up to 20GHz, transverse mode 
lock of VCSEL is proposed to reach modulation bandwidth beyond 100GHz. Both the static 
emission and ultrafast dynamics of VCSELs’ transverse modes were studied to explore their 
potential for mode locking. 
All-optical signal processing with nonlinear photonic integrated circuits (PIC) is an 
effective solution to overcome the speed limitation arising from opto-electronic conversions in 
the modern communication network. Performance of individual components in a PIC and its 
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scale of integration are influenced by its substrate material and its fabrication method. In this 
dissertation, nonlinear PIC components written in ChG substrates by ultrafast laser writing are 
studied, taking advantages of the unique material traits of chalcogenide glasses (ChGs), and the 
capability of ultrafast laser writing to fabricate 3D arbitrary structures in nearly any transparent 
materials. The fabrication challenges arising from the laser-material interaction were overcome, 
and basic nonlinear PIC components including waveguide Bragg gratings, nonlinear directional 
couplers and one dimensional waveguide arrays were designed and fabricated. Functionalities of 
these devices were demonstrated at a reduced power required for nonlinear operations, as 
compared to similar devices in silica substrates.  
The results presented in this dissertation provide the basics for the realization of on-chip 
optical network for largely increased data transmission bandwidth and signal processing speed. 
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1.0  INTRODUCTION 
The aim of this dissertation is to provide the basics for realization of an on-chip optical network 
capable of high-bit-rate signal transportation. It integrates a fast modulated laser source, together 
with other elements for all-optical signal processing. To aid in this goal, this dissertation 
respectively investigate into the ultrafast modulation of vertical cavity surface-emitting lasers 
(VCSEL) and the fabrication of optical waveguide components in nonlinear materials by 
ultrafast laser writing. This chapter includes an introduction to integrated lightwave circuits and 
an overview of the dissertation outline. 
1.1 MOTIVATIONS 
Modern information network thrives from optical fiber communication technology, which has 
evolved rapidly in the past few decades and reached single channel line rates of up to terabit per 
second both in research [1, 2] and in practice [3], or even petabit per second line rates in 
multicore fiber channels [4-6]. In these network systems, optical fibers have served as the links 
among network elements and have allowed high bit-rate data transportation in the form of 
modulated optical carrier waves. However, nowadays these high-capacity optical channels are 
usually fed with lower-bitrate signals generated and processed by integrated circuit (IC) devices. 
These electronic devices fulfill essential functionalities in the communication network, such as 
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signal monitoring and tracking, data stream switching, network, as well as fault detection and 
protection to prevent service outages. However, IC devices also have limitations which are 
becoming more and more notable, with the fast growing demands on data transmission 
bandwidth and signal processing speed. Firstly, the cost of optical-electrical-optical (OEO) 
conversion scales with the capacity of the communication network; Secondly, signal integrity 
degrades and signal intensity seriously attenuates at high bit rates > 10Gb/s [7, 8]. The cost and 
deteriorated performance of IC devices with increasing transmission bitrates have become an 
obstacle in the further development of modern communication network. 
Photonic integrated circuit (PIC) is a straight forward solution to deal with this situation. 
With a few or even many optical components integrated on a single substrate, PIC devices can 
fulfill functionalities as their IC counterparts. Meanwhile, as the OEO conversion is eliminated, 
PIC devices can be much more cost-effective in network systems with large transmission 
capacity. The implementation of PIC devices could effectively increase the bandwidth limit of 
the communication network while retaining advantages such as compactness, robustness, and 
stability.  
1.2 PHOTONIC INTEGRATED CIRCUITS 
Photonic integrated circuits (PICs) are formed with optical components integrated in a single 
substrate. Optical waveguides are the key elements in PICs. Their functionalities are not limited 
to optical guiding, but also manipulations of optical signals governed by their structural 
characteristics. A wide range of optical components can be formed based on optical waveguides, 
such as power splitters, directional couplers, Bragg gratings, sources, detectors, and etc. These 
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optical components are basic elements in a PIC, and they can be used as functional blocks to 
build more complex photonic circuits with a wide range of functions to accommodate different 
application needs. 
PIC devices provides larger transmission bandwidth and higher processing speed as 
compared to IC electronic devices. Their advantages over free-space and fiber optics are also 
prominent, including availability for high-volume and low cost fabrication by sharing tools in IC 
manufacturing, compact and light-weight devices with integration of optical components, and 
alignment free operations and stable performance with fixed chip-scale optical components. 
Integrated photonics have experience a long history of development since the first planar 
optical waveguide fabricated at the end of 1960s [9]. In more than half a century, PIC devices 
have evolved from simple optical waveguides to integration of many optical components. 
Aiming at different fabrication requirements, device functionalities, and material properties, PIC 
devices have been demonstrated in a variety of the material systems, including lithium niobate 
(LiNbO3) [10], Indium Phosphide (InP) [11], Silicon (Si) [12, 13] , and Silica-on-Silicon [14]. 
These PIC devices are usually two dimensional planar structures due to the limitations of 
available fabrication methodologies. Photonic waveguide structures in micrometer scales [8] are 
generally obtained by photolithography, with the detailed fabrication process varied among 
substrate materials.  
Large scale integration of photonic components in a single substrate is an inevitable trend 
of PIC development. Reduction in structure feature sizes is a straight forward solution for device 
miniaturization and dense integration, then high refractive index materials are required and 
feature sizes are within diffraction limits. Another way to large scale integration is to expand the 
integration or structure dimension. However, with photolithographic fabrication, extra efforts in 
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layer alignments are required to make three dimensional (3D) circuit structures, resulting in 
additional cost and difficulty in 3D fabrication to expand the dimension of integration. Ultrafast 
laser writing [15] is a new micro-fabrication technique that shows significant superiority over 
conventional photolithography-based methods in 3D material processing [16], and its application 
in fabricating both photonics and MEMS structures in a large variety of transparent materials are 
under extensive research. A more detailed introduction to the ultrafast laser writing technique 
will be provided in Chapter 3. 
1.3 ON-CHIP OPTICAL NETWORK 
The fast development of PIC industry and their applications in optical communication network is 
driven by increasing demands for broader optical bandwidth and faster signal processing speed. 
With optical fibers serving as the links for data transportation, and through the integration of 
basic functional blocks for generation, processing, and detection of optical signals, an on-chip 
optical networks can be built with PICs. Optical network elements with PIC components 
integrated in a single chip have been reported to support data rates up to 500 Gb/s [17]. While 
this high data rate is achieved by multiplexing of several signal streams, and manipulations of 
optical signal in these network systems have been realized by electro-optic effects, further 
increased data rates can be expected by using all optical signal processing schemes. 
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Figure 1. Example schematic of an on-chip optical network. 
The basic idea for all optical signal processing is to use light to control light, which is 
only possible through the χ3 nonlinear optical properties of materials. Operations in these optical 
structures are triggered by input intensity levels, and the required intensity level and hence power 
consumption for the nonlinear operation can be reduced by careful design of the optical 
structures, as well as by using substrate materials with large nonlinear refractive indices and low 
nonlinear absorptions. Of all the substrate materials that have been studied for nonlinear optical 
devices, chalcogenide glasses presents superior nonlinearity and also some other material traits 
that make it stand out in this application. In this dissertation, chalcogenide glasses are used as 
substrate materials and nonlinear optical components are fabricated by ultrafast laser writing. 
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Figure 1 shows an example of an on-chip optical network with a photonic integrated 
circuit chip that modulates and outputs signals to an optical fiber. In this simplified transmitter, 
an external laser source (VCSEL) provides optical signal at high bit rates as input to the chip. 
And photonic structures are integrated in this chalcogenide glass chip for all optical signal 
processing, with high intensity pump controls that steer optical signals to the selected output 
ports.  
1.4 OVERVIEW OF THE DISSERTATION 
This dissertation describes an on-chip optical network with a high data-rate optical transmitter 
and the photonic lightwave circuit for all-optical signal processing. The optical transmitter is a 
transverse mode-locked vertical cavity surface emitting laser (VCSEL) that produces optical 
signal with bit rates beyond 100 Gb/s, while the photonic lightwave circuit consist of nonlinear 
PIC components fabricated by ultrafast laser writing in highly nonlinear materials. These two 
parts of the network system are investigated independently in this dissertation, serving as the 
fundamentals to build the integrated optical network on-chip. 
The dissertation is organized as follows. 
Chapter 2 investigates the ultrafast dynamics of vertical cavity surface emitting laser 
(VCSEL). The static emission of the VCSEL and its ultrafast dynamics upon injections of the 
ultrafast laser pulses are measured. Conditions for transverse mode locking VCSEL are 
discussed. 
Chapter 3 through chapter 6 investigates chalcogenide photonic integrated circuit 
components that are fabricated by ultrafast laser writing. Chapter 3 first gives a brief introduction 
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to the ultrafast laser writing technique, the chalcogenide glass that is used as the device substrate 
in the work, and the challenge of its processing due to the large nonlinearity. Preliminary test 
results on the ultrafast laser written waveguides in the chalcogenide glass are presented. 
Chapter 4 introduces a nonlinear switch based on an ultrafast laser written Bragg grating 
in chalcogenide glass. A pump probe experiment is carried out to study the power switching of 
the probe output by injection of ultrafast pump pulses. Nonlinear switching is influenced by both 
the pump power and the detuning of probe wavelength from the grating’s resonant wavelength. 
Chapter 5 presents a nonlinear directional coupler written by ultrafast laser. Power 
switching between the two coupler outputs is demonstrated with reduced input power compared 
to devices in silica. Both the spectral and temporal change of the ultrafast laser pulse propagated 
through the coupler are studied. 
Chapter 6 focuses on a one dimensional nonlinear waveguide array written by ultrafast 
laser. With the optimized configuration of the waveguide array, spatial soliton formation is 
studied, and the effects of nonlinear absorption are also considered. 
Chapter 7 discusses possible directions for future research and summarizes the 
dissertation. 
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2.0  ULTRAFAST MODULATION OF VCSEL 
Vertical cavity surface emitting lasers are investigated in the chapter as the high bit-rate signal 
sources in the on-chip optical network. The static emission of VCSEL transverse modes are first 
measured, and its internal index profile is extracted based on these experiment results. With the 
internal structures of the VCSEL obtained, a set of Laguerre-Gaussian modes is simulated and 
discussions on their transverse mode locking are made. The ultrafast dynamics of VCSEL is also 
studied by a pump probe experiment and synchronization of VCSEL transverse modes are 
achieved. 
2.1 INTRODUCTION 
Semiconductor lasers are one of the successful examples of the integration of photonic lightwave 
circuits and electronic circuits, and it is also one of the essential components in optical 
communication systems [18]. Vertical cavity surface emitting lasers (VCSEL) are semiconductor 
lasers whose emission direction is perpendicular to the active region, different from conventional 
edge emitting semiconductor lasers, where laser emissions are in the planes of active regions. 
Some appealing characteristics arise from this unique structural configuration of VCSELs, such 
as single longitudinal mode operation, on-die testing, and the possibility for dense two-
dimensional integration [19]. For applications in optical communication in particular, VCSELs 
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are attractive devices owing to their larger modulation bandwidth [20-23]. However, the 
relaxation modulation frequency up to 20GHz [24-26] sets the limit for the bandwidth of direct 
modulated VCSELs. 
Another option for high speed optical transmitters are mode-locked semiconductor lasers 
that produce short pulses at high repetition rates. The laser cavities of mode-locked devices are 
relatively long so as to support multiple longitudinal modes in equidistant spacing and short 
pulse generations are achieved by phase locking of these modes. As the lasing cavity of VCSEL 
is formed by the back and front distributive Bragg reflectors that are usually λ or 1.5λ apart, 
VCSELs supports only one longitudinal mode, making it impossible of longitudinal mode 
locking. However, the large transverse area of the laser cavity results in multiple transverse mode 
emission. Moreover, a VCSEL with parabolic index profile can support Laguerre-Gaussian 
transverse modes that are equally spaced with appropriate driving currents and set 
temperatures [27]. In this case, the transverse modes of VCSEL can be locked to enable short 
pulse emission by synchronizing the phase of the equidistant modes. As the transverse mode 
spacing of VCSEL is usually about 0.2 nm, for a VCSEL operating at around 800 nm, this mode 
spacing suggests a repetition rate over 100 GHz, which is a great enhancement of the direct 
modulation of state-of-the-art VCSELs.  
In this chapter, we demonstrate the transverse mode-locking VCSEL by studying its 
ultrafast switching dynamics. To that end, the transverse modes of VCSEL are first characterized 
and its internal refractive index profile is extracted. 
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2.2 CHARACTERIZATION OF VCSEL MODES 
2.2.1 VCSEL Cavity 
A commercially available oxide-confined multimode VCSEL with center emission wavelength at 
850 nm is used in the experiment. The threshold current is 1.8 mA at 25 °C and its slope 
efficiency is 0.3 mW/mA. The oxide aperture of the VCSEL is 14 µm in diameter. Figure 2 
shows the microscope image of the VCSEL’s emission window. 
The numerical aperture (NA) of this VCSEL is estimated by measuring its output beam 
divergence. The far field mode patterns are measured at increasing propagation distances. By 
fitting the beam sizes at different distances, NA of the VCSEL under test is found to be 0.21 
(Figure 3). Assuming that the VCSEL cavity can be treated as a step-index waveguide, the 
effective index step was estimated by δn = 0.0063, given the refractive index of the AlGaAs 
active area n0 = 3.5. 
 
Figure 2. Microscope image of the emission window of VCSEL. 
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Figure 3. Estimation of VCSEL’s numerical aperture by linear fitting of its beam sizes with increasing distance. 
A scanning confocal microscope with an optical spectrum analyzer (OSA) is used to 
obtain spectrally resolved near-field images of the VCSEL transverse modes. Figure 4 shows the 
schematic of the experimental setup. The VCSEL under test is driven by a constant injection 
current of 8.5 mA and its temperature is maintained at 25 °C. It is mounted on a 3-axis stage that 
scans the VCSEL in the plane of its emission window with a spatial resolution of 1 µm. The laser 
emission is collected by a 20X microscope objective (NA = 0.4, f = 10 mm). With the collimated 
beam collected and magnified by another lens (f = 30 cm), the VCSEL transverse modes are 
projected onto a CMOS camera (5.2 µm/pixel). The magnification of this imaging system is 
calibrated to be 27X. A clear image of VCSEL’s emission window is first obtained to determine 
the plane of scanning (Figure 2). A single mode fiber (Corning SMF-28) connected to an optical 
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spectrum analyzer (OSA) is used to probe the image plane, so that the 9-µm fiber core works as a 
pin hole in the confocal microscope. The VCSEL emission window is scanned with a 1-µm step 
size in a 20 µm × 20 µm area in the object plane, corresponding to a 540 µm × 540 µm area with 
a 27-µm pixel size in the image plane. At each scanning point, the OSA acquires the emission 
spectrum of 1001 points in a 5-nm bandwidth. 
 
Figure 4. Schematic of the scanning confocal setup 
2.2.2 Spatially and Spectrally Resolved VCSEL Modes 
Figure 5 (inset) shows an intensity pattern of VCSEL operating with 8.5 mA injection current at 
25°C.  The intensity pattern is a superposition of all the transverse modes supported by VCSEL 
at this operating condition. The emission spectrum is also shown in Figure 5, with each peak in 
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the figure corresponding to a lasing transverse mode of this VCSEL. The lasing peaks to be 
considered in this experiment are marked in the VCSEL spectrum. 
 
Figure 5. Optical spectrum at the injection current of 8.5 mA (inset: Intensity pattern, unit of the axes: pixel). 
Emission peaks (a-f) correspond to transverse modes LG00-LG05. 
To resolve individual transverse modes of the VCSEL with respect to its emission 
wavelengths, mode patterns at each wavelength are reconstructed with the collected spectra at 
each scanning point. Emission peaks at each point were identified and plotted. Figure 6 shows 
the mode patterns that associate with intensity peaks (b, d-f) in Figure 5. Since these mode 
patterns are similar to those of Laguerre-Gaussian (LG) modes, which are circularly symmetric 
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Figure 6. Spatial-spectral images of LG01, LG03-LG05 modes of an oxide confined VCSEL. 
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emission patterns from a parabolic index profile, for approximate representations, they are 
described as LG modes with azimuthal indices l = 1, 3-5, and radial mode number p = 0. The 
mode spacing of these LG modes are about 0.2 nm. The intensity peaks that are not designated 
are high order LG modes with radial mode number p > 0. These modes are not considered here 
since mode degeneracy is not obvious for these modes. 
For a circularly symmetric VCSEL structure, LG modes of the same order each support two 
degenerate modes with the same emission wavelength, and similar mode patterns in different 
orientations. The near-field emission pattern of degenerate LG modes for the VCSEL under test 
are shown in Figure 6 (right). These experimental results reveal the breakdown of degeneracy, as 
each pair of the degenerate LG modes show small splitting in emission wavelength, as shown in 
Figure 6 (left). The splitting is about 0.02 nm, much smaller than the 0.2 nm mode spacing. The 
mode splitting was further confirmed by the spectrally resolved near-field emission patterns 
shown in Figure 6 (right) for transverse modes LG01, LG03-LG05. 
2.2.3 Internal Index Profile of VCSELs 
2.2.3.1 Effective Index Model 
The effective index model has been widely used to simplify complex problems in waveguide 
optics and proved to be successful. Since the cavity of an oxide-confined VCSEL is formed by 
the top and bottom distributed Bragg reflectors as longitudinal confinement, and by an oxidized 
aperture as transverse confinement, for analysis of supported modes by the cavity, the internal 
structure of VCSEL can be equivalent to an optical waveguide, with the active area as waveguide 
core, and the oxidized layer as cladding. Thus the relation between the internal effective index 
profile of the VCSEL and its mode wavelengths are described by [28], 
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where nref is a reference effective index corresponding to the reference wavelength λref, Δnm is the 
effective index change of  VCSEL mode m with respect to nref, and Δλm is its wavelength change 
with respect to λref. 
The effective index of each VCSEL mode, which is a weighted average of the internal 
refractive index profile n(x,y) by its intensity distribution I(x,y), can be obtained based on its 
intensity pattern, 
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    (2.2) 
As we have obtained the intensity patterns and wavelengths associated with each 
transverse modes in the previous section, we are able to find out the refractive index profile 
n(x,y) from the above equations by numerical fitting, given the geometry of VCSEL’s emission 
aperture and model of its index profile. 
2.2.3.2 Refractive Index Profile of VCSEL 
From the experiment results, the splitting of degenerate LG modes suggests that the oxide-
defined aperture of the VCSEL under test is not circular. This can be attributed to the 
asymmetric oxidation rate observed along different crystalline directions [29]. To explain the 
observed LG mode splitting shown in Figure 6, an elliptical index profile should be considered. 
For an operating device, it’s also necessary to take into account the temperature effects. A 
parabolic profile is therefore superposed across the active region. Using the second-order Taylor 
approximation of the refractive index model of quadratic-index media [30], the internal index 
profile of VCSEL is described,  
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where δn0 is the index step at the edge of the oxide aperture, and g is a fitting parameter to 
include the temperature effects.  
To find the elliptical parabolic index profile, numerical fitting is started from using a 
circular step index model (a = b, g = 0), where (a, δn) are the parameters to be determined. 
Based on the optimized result in the circular step model, another fitting with the elliptical step 
model is followed to find the fitting parameters (a, b, δn), where a, b are the semi- major and 
minor axes respectively, and δn is the index step. When the elliptical step model is determined, 
the fitting parameter g is added so that the elliptical parabolic index profile can be obtained. The 
numerical fitting results show that a = 6.89 µm, b = 6.15 µm, δn = 0.0058, g = 0.0269. The 
correlation coefficient and the RMS error for the fitting using the elliptical step-index model are 
respectively 0.9994 and 1.4562×10-5. 
The internal refractive index distribution of this oxide confined VCSEL is most 
accurately described by an elliptical parabolic profile. The calculated elliptical parabolic index 
profile is shown in Figure 7. The temperature induced parabolic refractive index profile on top of 
the index step peaks at the center of the VCSEL with 1.27×10-3 above the step index. This value 
is consistent with the carrier dynamics of oxide-guiding VCSELs. When temperature effects are 
included, the calculated effective index step is reduced, while the total guiding inside the VCSEL 
cavity is unchanged. These calculation results suggest that non-uniform temperature distribution 
attributes to laser guiding inside the VCSEL cavity, which is consistent with previous reports 
[31, 32]. 
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Figure 7. Effective refractive index profile of the oxide-confined area of the VCSEL extracted from the spectrally 
resolved near-field mode images in Figure 6.  
The most important feature resulted from the elliptical index profile is the degenerate 
mode splits, which cannot be explained with the circular index model. A simulation of field 
distributions and effective refractive indices of different modes for the elliptical parabolic index 
profile obtained above is carried out by a commercial finite element solver COMSOL. The 
effective index difference between the two degenerate modes of LG01 is 8.7×10
-5, which 
corresponds to a wavelength difference of 0.021 nm. This is consistent with the observed 
splitting of 0.02 nm.  
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2.3 ULTRAFAST DYNMAICS OF VCSEL 
2.3.1 LG Modes of VCSELs 
By measuring the spatially and spectrally resolve mode patterns of an oxide-confined multimode 
VCSEL, we find that an index profile with a step-like index change at the oxide aperture and a 
parabolic profile in the active area best describes the internal index distribution of the VCSEL 
under test. The parabolic profile is induced from the thermal gradient due to carrier heating when 
the device is operating above threshold current, thus it is an intrinsic characteristic of the index 
profile of a running VCSEL. However, as this cylindrical asymmetry of the VCSEL cavity arises 
from the anisotropic lateral oxidation rate in AlxGa1-xAs, the strain induced by different 
fabrication steps, as well as material birefringence, the ellipticity of the oxide aperture could vary 
from device to device.  Hence, for a general case, we consider the transverse modes of a VCSEL 
with a circular step-like index change at the oxide aperture and a parabolic profile in the active 
area, and such an index profile is described by, 
2
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where n0 = 3.5 is the refractive index of the active area, a is the radius of the oxide aperture, δn0 
is the index step at the edge of the oxide aperture, and g is a fitting parameter to include the 
temperature effects. Using this model to calculate the internal index profile of the VCSEL tested 
in the previous section, the best numerical fitting results shows that a = 6.52µm, δn = 0.0058, 
and g = 0.0269.
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To find out the supported modes of a VCSEL with an refractive index profile described 
above, we consider an even simpler case: light propagation in the medium with parabolic index 
profile, i.e. 
2
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So the Helmholtz equation in cylindrical coordinate becomes, 
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where 
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2
2 0n n g , and the fourth order term of g is neglected, given 1g . The 
expected laser modes in this case are Laguerre-Gauss (LG) modes. Corresponding to the 
experiment results shown in the previous section, we consider only the LG modes with azimuthal 
indices l = 1,2,3… and radial mode number p=0. The normalized intensity pattern of these LG 
modes are [33],  
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where w is the Gaussian waist parameter, given by w-2=gk0/2a. The equations with  2cos l  and 
 2sin l  terms are the two degenerate modes with the same propagation constant.  
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Figure 8. Intensity patterns of LG modes with l = 1, 3-5, and p = 0. For each LG mode, the top row shows the 
experimental results and the bottom row shows the calculated results. 
While LG modes are general solutions to the paraxial field propagation through dielectric 
medium with a parabolic index profile, i.e., square law medium, the index step considered here 
imposes a boundary condition to refine the solutions. In other words, the transverse modes of a 
VCSEL cavity can be described by LG modes, but the supported mode orders are refined by the 
oxide aperture. We can infer from the experiment results that the degenerate LG modes with 
radial mode number p=0, and with azimuthal mode numbers l=1~5 are supported by the VCSEL 
cavity as they were observed in the experiment. Using the parameters obtained from numerical 
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fitting, the calculated intensity patterns of both degenerate LG modes with p = 0, l = 1~5 are 
shown in Figure 8, in comparison with the experimental results. 
2.3.2 Transverse Mode Lock 
To consider transverse mode lock of VCSELs, we need to consider the time variation of the 
emission fields, which can be described by, 
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where ω0l is the angular frequency of LG0l mode. The frequency separation between consecutive 
LG modes with increasing l and p = 0 is constant at
0
2cg
n a
   , where c is the speed of light. Due 
to this constant frequency separation, with a well-defined initial phase, the superposition of the 
LG modes forms a lasing spot that steadily circulates around the VCSEL aperture. The period of 
this circulation is given by 
02 n aT
cg
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  . 
Figure 9 shows the simulated circulation of a lasing spot in one period. The simulation 
results prove that locking of VCSEL transverse modes occurs when the equidistant modes have 
synchronized phases. Phase synchronization can be achieved by injecting resonant pulses into 
the VCSEL cavity, as will be demonstrated in the pump probe experiment in the following 
section. Using the experiment and numerical fitting results, the period T is estimated by 8.9 ps, 
corresponding to a repetition rate of 113 GHz, which is a significant improvement on the 
modulation speed of conventional methods. 
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Figure 9. Circulation of the lasing spot around the VCSEL cavity 
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2.3.3 Pump Probe Experiment 
To consider a simplified condition to reach a straight forward conclusion, we studied a VCSEL 
with a small oxide aperture that supports no more than three transverse modes above threshold. 
The VCSEL under test here is a commercially available oxide-confined single mode device with 
a center wavelength of 795 nm. The threshold current is 0.5 mA at 25 °C. The emission spectra 
of this VCSEL operating at 1 mA and 7 mA are shown in Figure 10. When the VCSEL is driven 
slightly above threshold at I = 1 mA, it shows only the fundamental mode emission at 
794.24 nm. When the bias current is increased to 7 mA, the VCSEL emissions shift to the longer 
wavelength, and two higher order modes are excited besides the fundamental mode, the three 
peaks shown in the spectrum are 795.56 nm, 796.32 nm, and 797.19 nm. The frequency 
difference between the two strong peaks (i.e., the two peaks at 797.19 nm and 796.32 nm) is 
351.5 GHz. 
To measure the ultrafast dynamics of VCSEL, a pump probe setup as shown in Figure 11 
is built. Ultrafast pulses are generated by a mode-lock Ti: Sapphire oscillator (Coherent Mira 
900), which is pumped by an 18.5 W continuous wave (CW) laser (Coherent Verdi 18) at 
512 nm. The pulses are 100 fs in width, and the repetition rate is 76 MHz. These pulses are tuned 
such that their spectrum covers the spectral span of VCSEL emission. These ultrafast pulses 
plays two roles in this pump probe experiment: (1) pump pulses injected into the VCSEL cavity 
to provide coherent control; (2) probe pulses to measure the ultrafast dynamics of VCSEL 
emission upon injection, with a time resolution comparable with the pulse width. 
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Figure 10. The emission spectra of VCSEL operating at 1 mA and 7 mA. 
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Figure 11. Pump probe experiment setup to measure the ultrafast dynamics of VCSEL. 
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The ultrafast pulses sent to the pump probe measurements are vertically polarized. The 
input laser beam are first sent to a beam compressor that consists of two plano-convex lenses 
with f = 100 mm and f = 30 mm, and the output laser beam is about 2 mm in diameter. Then it is 
split into a pump beam and a probe beam by a beam splitter. The probe beam is back reflected by 
a retroreflector that is mounted on a linear translation stage. By scanning the stage along the 
delay line, the delay of the probe beam relative to the pump beam when they are combined again 
on the BBO crystal can be controlled. 
The polarization of the pump beam is tuned by a half wave plate so that it coincides with 
the polarization of VCSEL emission. The pump beam is focus by a 40X objective onto the center 
of VCSEL’s emission window. A large part of the pump power (>99.5%) is reflected by the 
distributed Bragg reflector (DBR) on the top of VCSEL, but the small portion that propagate 
through the DBR into the VCSEL cavity is enough to interfere with its emission.  
The pump reflection, the VCSEL emission, and the probe beam are then focus onto a 
1mm thick β-bariumborate (BBO) crystal which is cut for Type-I phase matching condition. The 
probe beam up-converts the weak signals of VCSEL emission subject to the injections of pump 
pulses, and generates a second harmonic generation (SHG) signal that resembles it. The pump 
and probe beam that pass through the BBO are blocked by an iris so that only the SHG signal is 
measured by a photomultiplier tube (PMT). As the retroreflector moves along the delay line near 
the zero delay position, the emission dynamics of VCSEL can be measured. 
Coherent control offers the substantial speed improvements over traditional methods as it 
allows for switching between states on time scales much shorter than the limitation of the 
intrinsic relaxation oscillation [34]. As mentioned before, the spectrum of the ultrafast pulses is 
tuned to cover the span of VCSEL emission, so the pump pulse is resonant with the VCSEL 
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under test. Each resonant injected pulse provides the same absolute phase for all the transverse 
modes of VCSEL, synchronizing their emission. 
Figure 12 shows two traces of the SHG signal measured with 1.8 mW pump power and 
the VCSEL operated at I = 1 mA and I = 7 mA respectively. For both plots, the strong signal at 
t = 0 is the SHG signal from the probe pulse and the reflected pump pulse, and it denotes the 
beginning of synchronized emission. Also shown in the plots are two peaks at t = 10.8 ps and 
t = 136.1 ps, which are due to the reflections from the neutral density (ND) filter and the half 
wave plate (HWP). These two peaks are much weaker than the peak at t = 0, so the influence of 
these injections into the VCSEL cavity are negligible. 
When the bias current is 1 mA and there is no injection pulse, as shown in Figure 10(a), 
the VCSEL is lasing with only one transverse mode. After the injection of coherent pump pulses, 
as the gain in the VCSEL cavity is temporarily increased, the cavity is able to support one or 
more high order modes besides the fundamental mode; besides, since the phases of different 
modes are synchronized to the pump pulse, steady beating among the modes are observed within 
the first 50 ps. As the injected energy damps out, indicated by the decay of emission power down 
to the level before injection, the high order modes no longer sustain and no beating is observed. 
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Figure 12. Pump-probe experiment results when the VCSEL operates at I = 1 mA and I = 7 mA respectively. 
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Figure 13. FFT of the time trace after the dissipation of injection energy for VCSEL operate at I = 7.0mA 
 
When the bias current is 7 mA and there is no injection pulses, as shown in Figure 10(b), 
there are two major modes in VCSEL emission with a frequency difference of 351.5 GHz. After 
injection of pump pulses, beating is also observed since emissions of the two VCSEL modes are 
synchronized. However, different from the case with bias current I = 1 mA, the beating sustains 
even when the emission power is restored to the level before injection. These two VCSEL modes 
are lasing with the same phase defined by the pump pulse. To confirm that the beating are from 
the two VCSEL modes shown in Figure 10(b), a Fourier spectrum of the time trace after 
injection energy dissipation is calculated. As shown in Figure 13, there are side peaks at 
±351.2 GHz that correspond to the frequency differences between the major peaks of a free 
running VCSEL with bias current I = 7 mA.   
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In this pump-probe experiment, the ultrafast dynamics of a VCSEL with a small emission 
window that supports only 3 transverse modes are studied. With the two transverse modes of the 
VCSEL synchronized and beating between them observed, it demonstrates that the emission of 
VCSEL modes can be synchronized to a strong external pulse with the same initial phase. 
2.4 SUMMARY 
In this chapter, we investigate on the transverse mode lock of VCSEL to allow large modulation 
bandwidth of this optical signal source. The requirements for VCSEL mode locking are explored 
by measurements of its static emission and its ultrafast dynamics. While VCSELs could serve as 
active optical elements in the on-chip optical network, the following chapters will focus on the 
passive elements that are fabricated in chalcogenide glass substrate via ultrafast laser writing. 
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3.0  ULTRAFAST LASER WRITING IN CHALCOGENIDE GLASS 
Besides a fast modulated laser source, passive waveguide elements are essential in a photonic 
integrated circuit (PIC) based network. In this thesis, PIC components are fabricated in 
chalcogenide glass substrates by ultrafast laser writing. An introduction is first given to the 
substrate material and the fabrication method respectively. As the most basic component in a 
lightwave circuit, optical waveguides formed by ultrafast laser writing in chalcogenide glass are 
characterized with its linear and nonlinear performances. 
3.1 CHALCOGENIDE GLASS 
3.1.1 Introduction 
Chalcogenide glasses (ChGs) are a class of important optical materials useful for mid-infrared 
optical technology and nonlinear optics [35-38]. The formation of ChG is based on one or more 
of the chalcogen elements (sulfur, selenium and tellurium), with the addition of other elements 
such as Ge, As, Sb, Ga, and etc. Decided by the atomic structure of ChG, they can transmit light 
with wavelength beyond 20µm, yielding a wide transparency window from visible to mid-
infrared. The heavy atoms in the ChG also results in large glass densities, and in turn a high 
refractive index of n = 2-3 and a high nonlinear refractive index n2 up to a thousand times that of 
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fused silica. The ultrafast Kerr nonlinearity associated with this large n2 makes ChG attractive 
for applications in nonlinear photonic devices for all-optical signal processing. In this 
dissertation, we focus on the nonlinear properties of ChG. 
A number of micro-fabrication techniques have been applied to produce ChG-based 
nonlinear optical waveguide devices, a popular fabrication technique of which is through thin-
film deposition and various lithography schemes.  Although a number of excellent waveguide 
devices have been demonstrated using thin-film based approach [39-42], performance of 
photonic devices is extremely sensitive to properties of ChG films.  In many situations, thin 
optical films produced by state-of-the-art deposition techniques do not possess as good optical 
qualities as those found in bulk substrates. This challenge in fabrication diminishes the 
possibility of building three-dimensional photonic structures through a conventional layer-by-
layer lithography technique. 
Ultrafast laser writing technique is an alternative to produce optical structures in bulk 
ChG substrates. However, another challenge arise from the large refractive index and 
nonlinearity of the material. When the writing beam is focused inside the material, the large 
refractive index aggravate the spherical aberration; meanwhile, the focused short pulse with high 
peak intensity experiences large distortion in the material. Eventually it results in an enlarged 
modification area and undesired material changes along the direction of the writing beam [43]. 
The asymmetric profile of index change is usually accompanied by large propagation loss and 
poor light field confinement. Such guiding performance is undesirable for functional photonics 
devices. These challenges could be overcome by minimizing the spatial and temporal distortion 
of the writing beam by means of beam shaping [44] and temporal pulse tuning. Through these 
modifications we have demonstrated ultrafast laser fabrication of high-quality waveguide in ChG 
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glasses with highly symmetric waveguide profile and 0.65 dB/cm propagation loss at 1550 nm 
[45]. This opens possibility to produce three dimensional nonlinear lightwave circuits in bulk 
materials. 
3.1.2 Material Nonlinearity and Application in All Optical Signal Processing 
Due to the bandwidth hungry applications in modern communication network, it is highly 
desired to realize signal processing with high bit rates approaching 1 Tbit/s, which is only 
possible with all optical methods. Therefore, a lot of efforts have been devoted to the research on 
all optical signal processing, and it has been demonstrated in several platforms, including optical 
fibers, semiconductors, lithium niobates, and chalcogenide glass.  
Different material nonlinearities are usually utilized for all optical signal processing. The 
laser-material interaction becomes nonlinear for intense electro-magnetic fields, and the total 
polarization P induced is no longer in a linear relation with the electric field E, but satisfies a 
more general relation [46], 
 0 1 2 3P E : EE EEE ...           (3.1) 
where ε0 is the vacuum permittivity and χj is the jth order susceptibility. Generally, the linear 
susceptibility χ1 represents the dominant contribution to P; the second order susceptibility χ2 
vanishes as glass is an isotropic medium [46, 47]; the third order susceptibility χ3 is the major 
nonlinear effects in chalcogenide glass, and it is responsible for phenomena such as nonlinear 
refraction, third-harmonic generation, and four-wave mixing. Nonlinear refraction is the 
nonlinear effect that is focused on throughout this dissertation. This phenomenon is also called 
Kerr nonlinear effect, and it refers to the intensity dependence of the refractive index, which can 
be described in its simplest form,  
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where n is the linear refractive index, I is the optical intensity, and n2 is the nonlinear refractive 
index. 
Chalcogenide glass generally has large χ3 nonlinearity, depending on its composition, its 
nonlinear refractive index n2 can be over 1000 times that of silica glass. Besides, with its 
absorption wavelength edge around 500 nm, for middle infrared (MIR) or infrared (IR) light 
propagation, chalcogenide glass is a non-resonant nonlinear material. In this case, the Kerr 
nonlinear response time of chalcogenide glass is not limited by the carrier relaxation or slow 
thermal nonlinearity [47]. In fact, the Kerr nonlinear response is an instantaneous process with a 
response time less than 100 fs, showing great potential for ultrafast all optical processing. Beside 
the fast response time, the high nonlinearity of chalcogenide glass enables compact optical 
components that is suitable for integration on a single chip. 
3.2 ULTRAFAST LASER WRITING 
3.2.1 Background and Mechanism 
Ultrafast laser writing [15] emerges as a promising technique for fabrication of optical devices in 
micrometer scales [48-55]. Such optical devices with different functionalities are essentially 
guiding structures in dielectric materials that are formed by inducing refractive index change 
along defined paths. During the ultrafast laser writing process, laser pulses are focused to a tight 
spot in the transparent material. In the presence of each laser pulse, the material will experience 
high intensity at that precise spot, and nonlinear absorption will occur. This nonlinear absorption 
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will induce localized ionization, which will further evolve into a process called avalanched 
ionization. Through this process, the ultrafast laser energy is transferred to the material lattice, 
and depending on the material type, this could cause the breakage of chemical bonds, micro-
stress in the material, and there induce refractive index change. While positive index change is 
usually found in glass materials, negative index change at the focal spot accompanied by stress 
induced positive index change around it is found in crystalized materials. Inherent in this 
technique is the easy and rapid realization of arbitrary complex structures and three dimensional 
integrated circuits in transparent materials, which has been a major challenge for conventional 
fabrication methods based on photolithography. 
Ultrafast laser writing can be applied to a broad range of materials, with the required 
threshold intensity Ith varies only slightly among materials of a wide range of bandgap energies. 
This is because that the energy transfer from the laser pulse to the material is caused not only by 
the nonlinear absorption of the material, but also by an avalanche ionization process that is not 
dependent on the bandgap energy [16]. However, the desired magnitude and profile of index 
change can only be obtained by optimizing experiment parameters for a certain material, 
depending on its optical and mechanical properties. 
A lot of efforts have been devoted to the research on ultrafast laser writing in different 
materials, in which fused silica is one of the most widely investigated materials because of its 
large transparent window, high mechanical, thermal, and chemical stability, and the low 
propagation loss down to 0.3 dB/cm achievable for waveguides written by ultrafast laser [56]. A 
large variety of functional optical structures have been demonstrated in fused silica substrate 
owing to this low propagation loss, such as directional couplers [51, 57], Bragg gratings [49, 58], 
photonic lanterns [53], and so on. 
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3.2.2 Fabrication Challenges in ChG 
Throughout this thesis, a transverse configuration is used in the ultrafast laser writing, as shown 
in Figure 14. For a general ultrafast laser writing process, the laser beam is focused by a 
microscope objective with large numerical aperture (NA), forming a tight laser spot beneath the 
sample surface. An imaging system is built to help identifying the sample surface and controlling 
the depth of laser spot. The sample is mounted on a 3D motion stage, whose movement can be 
programed by a computer. In a transverse writing configuration, stages moves in the plane that is 
normal to the direction of writing beam propagation. With the writing beam tightly focused 
inside the material, and the relative translation between the laser focus and the sample, structures 
of refractive index change can be formed inside the material. Such a configuration allows more 
flexibility in the structure design and more uniform cross section along the waveguide. 
However, when a transverse writing configuration is used, the formed waveguide cross 
section corresponds to the YZ plane of the writing laser beam profile. This feature could be 
problematic for ultrafast laser writing in ChG. Due to its large linear refractive index (about 2.44 
at 800 nm) and large nonlinearity, considerable spherical aberration at the tight laser focus and 
self-focusing effects are induced, and elongation of the laser focus are observed. To estimate the 
waveguide cross section of ChG considering these effects, Gaussian beam propagation in ChG is 
simulated. As shown in Figure 15, in the XY plane which is normal to the beam propagation 
direction, the cross section of the laser focus is circular. However, in the YZ plane, the elliptical 
laser focus shows obvious distortion. Such a beam profile would result in a waveguide cross 
section in a similar shape. 
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Figure 14. Transverse configuration for ultrafast laser writing. 
 
Figure 15. Simulated ChG waveguide cross section without spatial beam shaping. 
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Figure 16. Ultrafast laser writing setup with spatial beam shaping. 
 
Figure 17. Simulated ChG waveguide cross section with spatial beam shaping. 
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3.2.3 Spatial Beam Shaping 
To solve the problem inherent in this transverse writing configuration, a spatial beam shaping 
technique [44] is used to allow controllability over the waveguide cross section. A cylindrical 
telescope is added in the writing beam path (Figure 16), and it modifies the writing beams in two 
ways: firstly, it reduces the beam size in the y direction by 3 times; Secondly, it induces an offset 
of about 100 microns between the focus positions in the x and y directions. With these 
modifications, additional astigmatism is induced to compensate the spherical aberrations and 
nonlinear effects. It results in an elliptical laser focus in the XY plane, but in the YZ plane, the 
beam cross section is almost circular. The effects of this cylindrical telescope are simulated 
(Figure 17) and the beam profile in the YZ plane suggest a circular waveguide cross section in 
ChG. 
3.3 PRELIMINARY TESTS ON CHG WAVEGUIDES 
For the experiments throughout this dissertation, gallium lanthanum sulfide (GLS) chalcogenide 
glass is used as substrate material, for its good thermal stability, non-toxic nature, and its large 
nonlinear figure of merit (FOM). As preliminary experiments, simple optical waveguides are 
written in the ChG substrate and their performances are tested.  
The waveguides in GLS ChG glass is written using a Coherent RegA 9000 laser system, 
producing pulse trains at 800 nm at a repetition rate of 250 kHz. An astigmatic beam shaping 
technique is used to spatially modify the input beam so as to write symmetric waveguides with 
low propagation loss in this highly nonlinear material. During the writing, the GLS sample is 
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mounted on a three-axis motion stage (Aerotech) and translated in the direction orthogonal to the 
writing beam. With polarization parallel to the writing direction, the writing beam is focused by 
an 80X objective (NA = 0.75) at 237 um below the sample surface. The pulse width, pulse 
energy, and translation speed of the sample is manipulated to achieve best performance of the 
waveguides. 
3.3.1 Temporal Pulse Tuning 
Figure 18 and Figure 19 shows the cross sections of the waveguides written with 300 fs and 
1.8 ps pulse widths, and the associated guiding profiles at 1040 nm. The pulse energy and 
translation speed are both optimized for each pulse width. When the pulse width is 300fs, with 
the optimized pulse energy at 400 nJ, and translation speed at 2 mm/s, the transmission is 23% 
and the mode field diameter (MFD) is 7.5 × 10.1 µm2. When the pulse width is 1.8 ps, with the 
optimized pulse energy at 300 nJ, and translation speed at 2 mm/s, the transmission is 21% and 
the MFD is 6.7 × 7.7 µm2. The performance of the two waveguides are similar in terms of loss, 
but the latter has a more symmetric and tighter confinement. Besides, the laser irradiation 
released in such a short duration of time not only induced confined index change around the tight 
focal volume, but also mild modifications of the material around the waveguide cross section. 
This could cause undesired performances for complex lightwave circuits where waveguides 
structures are closely integrated. Therefore, the pulse width is chosen around 1.8 ps for ultrafast 
laser writing in ChG in the work throughout this thesis. 
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Figure 18. Guiding profile at 1040nm of a waveguide written with 300 fs pulse width and its cross section. 
 
Figure 19. Guiding profile at 1040nm of a waveguide written with 1.8 ps pulse width and its cross section. 
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3.3.2 Pulse Propagation in ChG Waveguides 
To study the pulse propagation, ChG waveguides written with 328 nJ, 1.8 ps chirped pulse at the 
translation speed of 1.5 mm/s are tested with ultrafast pulses. By launching ultrafast pulses at 
1040 nm with 446 fs pulse width into the waveguides, the spectral and temporal evolution of the 
pulses are studied with inputs in two orthogonal polarizations. Input polarization along the 
writing beam direction is denoted as s-polarized input, and the orthogonal polarization is denoted 
as p-polarized input. 
Both input polarizations experience a large amount of spectral broadening when the input 
peak intensity increases from 5 GW/cm2 to 90 GW/cm2, with the spectral width increasing from 
about 20nm to over 140nm (Figure 20). The pulse stretching is insignificant for the short 
propagation length inside the waveguide (Figure 21), but it is related to the input intensity due to 
the nonlinear index change in the waveguide: for p-polarized input, the pulse width is increased 
to 633 fs at 5 GW/cm2, and to 1004 fs at 90 GW /cm2; for s-polarized input, the pulse width is 
increased to 558 fs at 5 GW/cm2, and to 930 fs at 90 GW /cm2. These results imply that 
nonlinear effect is dominant for 1040nm pulse propagation in the ChG waveguide, while the 
linear dispersion is negligible. 
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Figure 20. Spectral broadening with increasing input intensity. 
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Figure 21. Pulse stretching with increasing input intensity. 
3.4 MODE COUPLING IN WAVEGUIDE STRUCTURES AND NONLINEAR 
SWITCHING 
With the capability to fabricate three dimensional arbitrary structures in nearly any transparent 
materials [16, 59], it serves as an alternative to fabrication techniques based on photolithography 
in making PIC components. At the very beginning stage of applying the ultrafast laser writing 
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technique to PIC fabrication, this dissertation focused on the basic nonlinear components for 
photonic integrated circuits that are fabricated by ultrafast laser writing. 
PIC devices are built with optical waveguides that perform not only guiding, but also 
other important function such as coupling, switching, and splitting of optical signals. The basic 
nonlinear components under the scope of this thesis are based on the coupling among different 
waveguide modes or among adjacent waveguides. The coupled mode theory [60, 61] is used to 
simulate these phenomenon. 
In the coupled mode theory, variations of the dielectric tensor, in both transverse and 
longitudinal planes, can be considered as a perturbation that couples the unperturbed modes in 
the structure, which otherwise are orthogonal to each other in a linear, lossless waveguide. The 
dielectric tensor can be expressed, 
     , , , , ,ax y z x y x y z        (3.3) 
where  ,a x y  is the unperturbed dielectric tensor, and  , ,x y z  represents the dielectric 
perturbation. The presence of this dielectric perturbation  , ,x y z  gives rise to additional 
polarization that is associated with the originally excited mode in the structure  0 , , ,E x y z t , 
   0, , , , ,P x y z E x y z t       (3.4) 
This additional polarization causes power redistribution among the orthogonal modes of 
the structure. The couple mode equations have a general form as follows, 
  nik n n
n
d
A i A z e
dz
        (3.5) 
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where nA  is the field amplitude of the n-th mode, n  is the phase mismatch between the k-th 
mode and the n-th mode, and n  is the coupling coefficient between the k-th mode and the n-th 
mode, which is decided by the additional polarization. 
Two kinds of dielectric perturbations are considered in this dissertation: (1) a periodic 
index change along a single waveguide; (2) two or more waveguides in the vicinity of each other 
causing perturbations in the transverse plane of field propagation. The specific formulations of 
the coupled mode theory are presented in the corresponding chapters. 
3.5 SUMMARY 
This chapter introduces the chalcogenide glass substrate and the ultrafast laser writing technique 
used for making nonlinear photonic integrated circuit components. The challenges of ultrafast 
laser writing in ChG are overcome by the combination of the spatial beam shaping and temporal 
pulse tuning. The waveguide performance is tested with ultrafast pulse propagation at 1040nm. 
In the following chapters, several basic nonlinear optical waveguide structures are studied. 
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4.0  ULTRAFAST SWITCHING WITH WAVEGUIDE BRAGG GRATING  
It is demonstrated in this chapter that all-optical switching with a waveguide Bragg grating 
inscribed by ultrafast laser in chalcogenide glass. The Bragg waveguide is a third order grating 
with resonant wavelength centered at 1551.51 nm. A cross-phase modulation scheme is utilized 
to observe all-optical switching, with a CW signal light at the grating’s resonant wavelength, and 
pump pulses centered at 1040 nm. Exploiting the large nonlinear refraction index of 
chalcogenide glass, output signal modulation up to 12% is observed with this 2-cm long grating 
at pump pulse energy of 40 nJ, which is at least an order of magnitude improvement in the 
switching pulse energy compared to silica. 
4.1 INTRODUCTION 
Chalcogenide (ChG) glasses are among the most promising nonlinear optical materials as device 
substrates for all-optical signal processing [35, 38]. With ultrafast switching times of the χ3  
nonlinear process, the large nonlinear refractive index of ChGs, which is reported up to 1000 
times that of fused silica, makes ChG devices available for switching times down to tens of 
femtoseconds and largely reduced operation power. Besides, the wide optical transparent 
window from visible to mid-infrared, negligible two photon absorption (TPA) and free carrier 
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absorption (FCA) at the telecom wavelength also add to the attractive characteristics of the 
material.  
Waveguide Bragg gratings have been demonstrated in ChGs as an essential components 
in photonic integrated circuits for high-bit-rate signal processing, by allowing nonlinear 
operations such as 2R regenerations [39, 40] and all-optical switching [62, 63],  and the required 
optical power for nonlinear operations is reduced due to the large Kerr nonlinearity of the 
material. Fabrication of the ChG gratings is usually a two-step process including the formation of 
ChG waveguide and the grating structure, repectively. As one of the most popular micro-
fabrication techniques being applied to produce ChG-based nonlinear optic waveguide devices 
[39, 64], thin-film deposition combining with photolithography techniques have successfully 
fabricated a number of excellent ChG waveguide devices, whereas performance of the devices is 
extremely sensitive to properties of ChG films, which in many situations do not possess as good 
optical qualities found in bulk ChG substrates. Due to the limitations from thin-film processes, 
building three-dimensional photonic structures in ChG through a layer-by-layer lithography 
technique appears as a challenge.  
The ultrafast laser writing technique is well-known for its capabilities of 3D fabrication 
and fast prototyping [16, 59] . It has been applied to the fabrication of waveguide Bragg gratings 
in silica glass in a single-step writing [49, 65]. These waveguide Bragg gratings show excellent 
linear performance with grating strength > 35 dB, but they are not suitable for all-optical 
switching due to the small nonlinear refractive index in silica, which suggests high switching 
power would be required. A reduction in the switching power can be expected with highly 
nonlinear materials as in the case of ChGs. However, the large nonlinear refractive index also 
incurs new challenges in the ultrafast laser writing process. Highly asymmetrical waveguides 
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with elongated cross section and multiple guiding regions are found after ultrafast laser writing 
[43, 66, 67], which are results of spherical aberrations induced by the high refractive index, as 
well as the self-focusing and filamentaion from the material nonlinearity. Such waveguide 
features usually lead to poor mode confinement and large waveguide loss, and in turn a 
deteriorated grating strength, compromising the performance of the all-optical switching device. 
To mitigate the nonlinear effects during the ultrafast laser writing process, temporal pulse tuning 
and spatial beam shaping can be employed [44, 45]. 
In this paper, we report all-optical switching with a waveguide Bragg grating inscribed by 
ultrafast laser in chalcogenide glass. The Bragg waveguide is a third order grating with resonant 
wavelength centered at 1551.51 nm. A cross-phase modulation scheme is utilized to observe all-
optical switching, with a CW signal light at the grating’s resonant wavelength, and pump pulses 
centered at 1040 nm. Exploiting the large nonlinear refraction index of chalcogenide glass, 
output signal modulation up to 12% is observed with this 2-cm long grating at pump pulse 
energy of 40 nJ. 
4.2 SWITCHING PRINCIPLES 
The refractive index of a waveguide Bragg grating varies along the length of periodically, and 
can be described, 
0 1
2
( ) cosn z n n z
 
   
 
    (4.1) 
where n0 is the DC index of the waveguide, n1 is the amplitude of periodic index change, and Λ 
is the period of the WBG. Based on the coupled mode theory, the effect of the grating is to 
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couple forward- and backward-propagating light with wavelength   close to 2n0Λ, resulting in 
strong reflection for light with resonant wavelength λB=2n0Λ and total transmission for light with 
its wavelength far from the resonant wavelength. 
When the propagating light in the WBG is strong, the nonlinear response of the material 
needs to be considered. Here we consider the condition where a weak signal with wavelength 
 close to the resonant wavelength λB, and a strong pump with wavelength far from λB, so the 
nonlinear response from the weak signal can be neglected. Both the propagation direction and 
the polarization are the same for the pump and probe. Let I(z,t) be the pump intensity, the 
refractive index of the WBG is thus described, 
 0 1 2
2
( ) cos ,n z n n z n I z t
 
   
 
    (4.2) 
where n2 is the nonlinear refractive index of the material. 
The effect of the grating is still to couple forward- and backward-propagating light with 
wavelength   close to 2n0Λ, since the nonlinear index change is small compared to n0. A set of 
coupled mode equations governs the effect of the grating, 
 0 2 ,
nA A
i A i A i I z t A
z c t
     
 
    
 
   (4.3) 
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     
 
     
 
  (4.4) 
with 
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  , 1n

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n
Z


   . A  and A  are respectively the forward- and 
backward-propagating light, z is the vacuum impedance. Modulations to the signal are different 
when the pump is continuous wave (CW) or pulsed, which are respectively described in the 
following. 
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When the strong pump propagating through the WBG is CW or can be treated as CW (its 
propagation time through the WBG is much smaller than its pulse width), a constant index 
change is applied to the waveguide, resulting in a fractional change in the wave vector of the 
WBG, 
2
0
nk
I
k n

      (4.5) 
And the resonant wavelength is shifted correspondingly by, 
2
0
2
B
n
I
n



      (4.6) 
where the factor of 2 accounts for the cross phase modulation (XPM). Since the nonlinear 
refractive index of material is generally positive, the band gap is red shifted when a strong CW 
pump is propagating through the WBG. The output power of a weak probe initially tuned to the 
blue side of the band gap increases, while for probe initially tuned to the red side the band gap, 
the output power decreases. 
When the strong pump propagating through the WBG is pulsed, the output power of the 
probe is time dependent, and its time trace can be obtained by numerically solve the coupled 
mode equations [68, 69]. Qualitatively speaking, the propagation of this short pulse induces a 
time-dependent phase change to both the forward- and backward-propagating probe, and induces 
frequency shift of the probe which is proportional to the gradient of the pump intensity profile. 
For forward-propagating light, with n2 > 0 , the leading edge of the pump pulse causes a red shift 
of the probe frequency, while its trailing edge causes a blue shift of the probe frequency. The 
situation for the backward-propagating light is opposite. The modulations of the probe output 
would be sensitive when its frequency is tuned to the edge of the WBG’s band gap. In the 
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experiments below, short pump pulses are used to study the nonlinear switching of the WBG in 
chalcogenide glass. 
4.3 WAVEGUIDE BRAGG GRATING IN CHG 
4.3.1 Waveguide Bragg Grating Written by Ultrafast Laser 
An arsenic-free gallium lanthanum sulfide (GLS) ChG with excellent environmental stability 
was used as the substrate material in the experiment. Ultrafast laser pulses centered at 800 nm 
were produced at a repetition rate of 250 kHz by a Ti: Sapphire regenerative amplifier system 
(Coherent RegA 9000). To mitigate focal distortions, so as to control the size and shape of the 
waveguide cross section and reduce propagation loss, the writing pulses were tuned to 1.5 ps in 
width and sent through a cylindrical telescope that provides about 3 times demagnification in the 
beam profile perpendicular to the writing direction and an astigmatic offset of about 21 µm. The 
writing beam were circularly polarized and focused at 275 µm beneath the ChG sample via an 
80X microscope objective (NA = 0.75). With the ChG sample substrate (25 × 25 × 1 mm3) 
mounted on a three-axis motion stage (Aerotech), Bragg grating structures were formed in the 
substrate by programmed translations of the stage in relation to the fixed focal point.  
With a single-scan technique, where periodic modulation of the writing beam induced a 
series of partially overlapping refractive index voxels that formed a waveguide and the Bragg 
structure at the same time, a third order waveguide Bragg grating was formed in the ChG 
substrate. The translation speed of the stage was set to 1 mm/s, while the output of the laser 
system is modulated by a periodic signal at 1.02 kHz with a 25% duty cycle. This induced in the 
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ChG substrate both the average DC index change sufficient to support guided modes, and the AC 
refractive index change with a period of 0.96 µm, resulting in a third order waveguide Bragg 
grating with the resonant wavelength at about 1550 nm in ChG (n = 2.37 @ 1550 nm). After the 
ultrafast laser writing process, the input and output facets of the ChG substrate were ground and 
polished, leaving a grating length of 20 mm.  
 
Figure 22. Microscope images of the WBG: (a) periodic structure; (b) cross section. 
The grating structure of the formed waveguide Bragg grating in ChG was observed by an 
optical microscope (Figure 22 (a) and (b)). Ten periods of the grating structure were measured to 
be 9.6 µm, corresponding to a third order grating at around 1550 nm, while a small offset from 
the designed wavelength can be expected due to increased refractive index in the ChG 
waveguide. Figure 22 (b) shows microscope image of end facet of the waveguide Bragg grating. 
The waveguide cross section was measured to be 8.3 µm in the direction along the writing beam 
and 6.0 µm in the orthogonal direction. This nearly symmetric waveguide cross section is a result 
of the combination of astigmatic beam shaping and temporal pulse tuning in the ultrafast laser 
writing process. 
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4.3.2 Guiding Performance and Grating Transmission 
 
Figure 23. Near field guiding mode profile of the pump pulses centered at 1040 nm. 
 
The waveguide Bragg grating is first characterized for their waveguide performances at the 
pump wavelength and the signal wavelength tuned away from the bandgap.  
Pump pulses centered at 1040 nm are used in the experiment. The average power is set to 
500 µW so that nonlinear absorption is negligible when measuring the insertion loss of the ChG 
waveguide. The insertion loss of the WBG at 1040 nm is 4.95 dB, in which 1.5 dB is from the 
reflection loss of the input and output facets of the sample. Thus the average pump power inside 
the WBG is estimated to be 66% of the input power. Single mode operation at 1040 nm is 
confirmed from the near field guiding mode profile, as shown in Figure 23. By Gaussian fitting 
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the intensity profile in the two orthogonal directions, the mode field diameters (MFDs) are found 
to be 6.37 µm and 9.31 µm, respectively. 
 
 
Figure 24.  The measured transmission spectrum of the ChG WBG and simulation. 
The probe wavelength is tuned to 1552 nm outside the bandgap of the WBG so that the 
probe signal can propagate through. The insertion loss at this wavelength is 4.98 dB. 
The transmission spectrum of the ChG WBG is measured by an optical spectrum 
analyzer (ANDO OSA AQ6315B) when a broadband source is coupled into the WBG from free 
space. Figure 24 shows the measured transmission spectrum and its numerical approximation. 
The center wavelength of the WBG bandgap is λB = 1551.51 nm, the width of the bandgap is 
0.2 nm, and the index modulation of the Bragg grating is estimated to be 3×10-4. 
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4.4 NONLINEAR SWITCHING RESULTS 
4.4.1 Pump Probe Experiment 
 
Figure 25. Schematic of the experimental setup using a cross phase modulation scheme. 
A cross phase modulation scheme was utilized to observe all-optical switching in this ChG 
waveguide Bragg grating, with an experiment setup as shown in Figure 25. The IMPULSETM 
femtosecond laser system produced pump pulses centered at 1040nm with a repetition rate of 
200 kHz. After going through two half wave plates and a polarizer to control their power and 
polarization, the pump pulses were measured by an autocorrelator and their pulse width was 
found to be 446 fs. The CW signal was generated by a tunable laser in 1530 – 1610 nm and 
amplified by an erbium doped fiber amplifier (EDFA). The pump pulse and the CW signal were 
both linear polarized in the plane of the figure. They were combined by a dichroic mirror and 
launched into the ChG grating by an aspheric lens with f = 13.86 mm. The output CW signal 
from the grating was collected and collimated by another aspheric lens with f = 13.86 mm for 
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imaging and subsequent measurements. The insertion loss of the ChG waveguide Bragg grating 
was 4.95 dB for the pump pulses at 1040nm and 4.98 dB at 1552 nm, respectively. 
4.4.2 Output Signal Modulations 
Depending on the initial detune of the probe wavelength, ‘switch-on’ and ‘switch-off’ 
modulations are observed with input of short pump pulses. The modulation depth is related to the 
both the pump power and the detuning of probe wavelength. The ‘switch-on’ and ‘switch-off’ 
modulations are first studied with various input pump powers. 
When the signal wavelength is tuned to 1551.70 nm, the ‘switch-on’ modulations are 
observed (Figure 26). And ‘switch-off’ modulations are achieved when the probe wavelength is 
set to 1551.62 nm (Figure 27). The probe wavelengths in both cases are indicated by the two 
vertical lines in Figure 28. In both transmission waveforms, the signal responses to each pump 
pulse with a sharp leading edge, which arises from the ultrafast Kerr nonlinear effect. The 
trailing edge of the output signal shows two time scales, a fast response corresponding to the 
trailing edge of the pump pulse and a slow response related to free carrier lifetime in ChG [70, 
71]. Although ChG is known for its large nonlinear figure of merit (FOM), the two photon 
absorption (TPA) and hence free carrier generation is only negligible for wavelength far from its 
bandgap. As the bandgap energy of ChG corresponds to the wavelength at about 500 nm, pump 
pulses centered at 1040 nm still experience a certain amount of TPA and free carrier generation 
when going through the ChG waveguide. The free carrier recovery in the ChG causes the slow 
trailing edge in the output signal, limiting the ultrafast modulations. The influences of free carrier 
generation can be reduced by replacing the pump pulses with longer wavelengths or reducing its 
repetition rate. 
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Figure 26. ‘Switch-on’ modulations for probe wavelength at 1551.70nn. 
 
Figure 27. ‘Switch-off’ modulations for probe wavelength at 1551.62nm. 
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Figure 28. Probe wavelengths and the WBG bandgap. 
 
Figure 29. Modulation depths for the ‘switch-on’ and ‘switch -off’ cases. 
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The modulation depths for both cases are obtained by dividing the amplitude of 
modulated signal output and the initial output (Figure 29). In both cases, the modulation depths 
increases with the average pump power. The modulation response is more sensitive when the 
probe wavelength is close to the edge of WBG bandgap. 
4.4.3 Detuning of the Signal Wavelength 
 
Figure 30. Dependence of modulation depth and direction on the probe wavelength. 
Both the modulation depth and polarity are influenced by the initial detune of the probe 
wavelength, as shown in Figure 30. The pump pulse energy is set at 25 nJ, the output signals are 
measured with the initial detune changing from 1551 nm to 1552 nm across the bandgap of the 
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waveguide Bragg grating. The modulation depth are calculated at each tested wavelength. The 
maximum modulations are obtained at both edges of the band gap, with ‘switch-off’ operation at 
the red side, and ‘switch-on’ operation at the blue side. As the probe wavelength is detuned far 
away from the bandgap, the modulation depth decreases, and ‘switch-on’ modulation is observed 
at the red side, while ‘switch-off’ modulation is at the blue side. The same measurements are 
made with pump pulse energy at 10 nJ, 15 nJ, and 20 nJ. All four cases shows a similar trend in 
the transmission signal modulation with respect to initial probe wavelengths. An output signal 
modulation up to 12% is observed with this 2-cm long grating at pump pulse energy of 40 nJ was 
observed with probe wavelength at 1551.62 nm, where the static transmission is about 24.2% of 
the transmission of the out of bandgap signals. 
As the pump pulse duration (~450 fs) is much smaller than the grating length (2 cm), the 
pump pulses modulate the output signal waveforms by inducing cross phase modulation effects 
that cause a frequency chirp on the probe. For a positive nonlinear refractive index n2 as in ChG, 
the leading edge of the pump pulse causes a negative chirp on the probe (a red shift). When 
probe wavelength is far from band gap, this red shift results in an increase in group velocity of 
the probe signal (Figure 30(a)). Thus the probe energy is swept up onto the leading edge of the 
pump, appears as a temporary increase in the transmission output, as in the ‘switch-on’ 
operation. Similarly, at the blue side of the bandgap edge, this red shift also leads to an increase 
of group velocity, and hence a ‘switch-on’ operation. The modulation is reversed for probe 
wavelengths at the blue side far away from bandgap and at the red side of the bandgap edge, as 
the red shift probe leads to a decrease in group velocity, and hence a ‘switch-off’ operation. 
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4.5 SUMMARY 
In conclusions, an ultrafast laser inscribed waveguide Bragg grating in chalcogenide glass was 
used for all optical nonlinear switching in a cross phase modulation setup. The ChG waveguide 
Bragg grating shows comparable linear performance as silica waveguide Bragg gratings, with a 
22-dB strength at a 0.2-nm wide bandgap centered at 1551.51 nm. The low propagation loss and 
good mode confinement obtained in the highly nonlinear chalcogenide glass enables its use in 
all-optical switching, where output signal modulations with input of short pump pulses are 
achieved for both the ‘switch-on’ and the ‘switch-off’ cases, depending on the initial detune of 
the probe wavelength.  
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5.0  NONLINEAR DIRECTIONAL COUPLER 
This chapter presents a nonlinear directional coupler (NLDC) written in gallium lanthanum 
sulfide (GLS) chalcogenide glass by ultrafast laser. The performance of the NLDC is 
investigated with laser pulses input in two orthogonal polarizations, and all optical switching at 
1040nm between the two coupled waveguides is observed at a peak fluence of 16 GW/cm2. The 
output spectra and the autocorrelation traces from both NLDC outputs show dominant nonlinear 
effects and negligible dispersion for light propagation in both channels. 
5.1 INTRODUCTION 
Directional coupler is an essential building block for integrated lightwave circuits. By allowing 
power exchange between the two adjacent parallel waveguides, basic functionalities of power 
division and power coupling can be realized. The functionality of directional coupler is governed 
by the following coupled mode equations [61], 
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( ), ( )A z B z  are the mode amplitudes in the two waveguides respectively. The coupling constants 
( , )ab ba    form a complex conjugate pair, and describe the strength of coupling between the 
waveguides. 2  is the phase mismatch given by, 
   2 a aa b bb             (5.2) 
,a b   are the two propagation constants of the two guiding modes, and ,aa bb   result from the 
dielectric perturbations to one of the waveguides due to the presence of the other waveguide and 
represent only a small correction to ,a b  . 
With ab ba    , the power distribution in two waveguides with input 0P  from only 
waveguide A is given by, 
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The power exchange between the two waveguides varies with the coupling length z by a 
sine function. It is also related to the phase mismatch 2 , and a complete power transfer is only 
possible when there is 2 0  , i.e. the two waveguides are symmetric and identical. 
Nonlinear directional couplers (NLDC) are directional couplers where the input intensity 
plays a part in the power exchange between the two waveguides, by inducing the nonlinear 
refractive index change given by 2n n I  , where 2n  is nonlinear refractive index of the material 
and I  is the peak intensity in the waveguide. This nonlinear index change gives rise to an 
additional phase mismatch  d  and coupling coefficient d  between the waveguides, and in 
turn changes the power distribution. While ,d d   are both functions of coupling length, the 
coupled mode equations need to be solved numerically. However, in a typical configuration of 
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the NLDC, two identical waveguides with coupling length 
2
L 

  , i.e., complete power 
transfer occurs in the linear case, the critical power required for switching is given by [72], 
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where S  is the cross-section area of the waveguide,   is the wavelength of propagating light, 
0 2,n n are the refractive and nonlinear index of the material, and c  is speed of light.  
As one of the key elements in the photonics circuit, NLDC is useful in a large variety of 
applications, such as all-optical switching [72, 73], all-optical logic gates [74], multiplexer and 
demultiplexer [75]. Directional couplers work in both the linear and nonlinear realms have been 
demonstrated in various material systems with different processing techniques [72, 73, 75-77]. 
Overcoming the challenges in processing highly nonlinear materials with the ultrafast laser 
writing technique, NLDC in chalcogenide glass substrate is demonstrated in this chapter. 
5.2 NLDC WRITTEN IN CHG SUBSTRATE BY ULTRAFAST LASER 
The NLDC in GLS ChG glass is written using a Coherent RegA 9000 laser system, with chirped 
laser pulses (1.7-ps) at 800 nm at a repetition rate of 250 kHz. An astigmatic beam shaping 
technique is used to spatially modify the input beam so as to write symmetric waveguides with 
low propagation loss in this highly nonlinear material. During the writing, the GLS sample is 
mounted on a three-axis motion stage (Aerotech) and translated at 1.5 mm/s in the direction 
orthogonal to the writing beam. With polarization parallel to the writing direction, the writing 
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beam has 328 nJ pulse energy, and is focused by an 80X objective (NA = 0.75) at 237 um below 
the sample surface.  
 
Figure 31. Schematic of the nonlinear directional coupler and microscope images of the merging region (inset (a)), 
and the output facet (inset (b)).  
The configuration of the ChG coupler and its end facet is observed by optical 
microscopy. The schematic of the NLDC is shown in Figure 31, with microscope images of the 
merging region shown in inset (a) and the end facet shown in inset (b).  The input and output 
facets of the sample are 10mm apart. At both facets, the input / output ports of the two coupler 
arms are separated by 58 µm; in transition to the coupling region, double S-bend structures with 
32 mm radius were used; the two arms are evanescently coupled at the center of the sample, 
where the center-to-center separation is set to 8 µm to allow maximum interaction between the 
two waveguides while minimizing the overlap of the modifications due to ultrafast laser writing; 
and the coupling length is set to 6 mm. From the microscope image of the end facets, the 
modified areas of both waveguides are measured to be ~7.5 µm in the direction along the writing 
beam and ~5.5 µm in the orthogonal direction.  
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Figure 32. Schematic of the experimental setup for NLDC characterization. 
The performance of the NLDC is measured using the setup in Figure 32. Before the 
measurements, the ChG NLDC is thermally annealed at 235 °C for an hour to prevent 
photoinduced effects of the material upon the input of high intensity pulses [38]. The 
IMPULSETM femtosecond laser system is used in the test of the ChG NLDC. It produces laser 
pulses centered at 1040 nm. The repetition rate of laser pulses is 500 kHz and its pulse width is 
measured to be 446 fs by an autocorrelator after going through two half wave plates and a 
polarizer to control its power and polarization. An aspheric lens with f = 13.86 mm, NA = 0.18 is 
used to launch laser pulses into the coupler via one of the inputs ports. The outputs from both 
ports of the coupler are collected and collimated using another aspheric lens with f = 4.51 mm, 
NA = 0.55. One of the coupler outputs is selected to go through an iris for subsequent 
measurements. The selected output is split by two beam splitters and sent to a power meter, an 
optical spectrum analyzer (ANDO OSA AQ6315B), and imaged by a lens with f = 300 mm on a 
CMOS camera (Thorlabs DCC1240M). The selected output is also reflected by a mirror on a flip 
mount to an autocorrelator for pulse width measurement. 
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5.3 PERFORMANCE OF THE NLDC 
5.3.1 Insertion Loss 
As a reference, the ChG waveguides with the same writing parameters are first tested for both 
input polarizations. With 1.5 dB reflection loss from the input and output facets of the sample, 
the insertion losses for the two polarizations are similar, with 4.6 dB for p-polarized input and 
4.4 dB for s-polarized input. The near field mode profiles shown in Figure 33 indicate that both 
p-polarized and s-polarized pulses propagate in the waveguide at the fundamental mode; the p-
polarized light shows a better circular symmetry. Mode field diameters in two orthogonal 
directions are calculated by Gaussian fitting. 
 
Figure 33. Mode profiles of an ultrafast laser written waveguide in GLS glass with: (a) p-polarized input; (b) s-
polarized input. 
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The NLDC is then tested with both p-polarized and s-polarized inputs, and with laser 
pulses launched into port 1 and port 2, yielding four sets of experiment results. For each input 
polarization at low peak intensity (5 GW/cm2), the insertion loss for the NLDC is the same as 
that of the waveguide; the insertion loss rises to ~5.9 dB when the input peak intensity is 
increased to 90 GW/cm2, due to nonlinear absorption of the material.  
5.3.2 Nonlinear Switching 
The NLDC shows the characteristic curve of nonlinear optical switching, while the switching 
peak intensities and splitting ratios vary among the four conditions (Figure 34). 
Starting from low input peak intensity, due to linear evanescent mode coupling, the 
majority of input power is guided through the cross channel at this designed coupling length, 
until the input peak intensity reaches the switching point, where self-focusing from the Kerr 
nonlinearity of the material compensates the linear diffraction, and more input power is 
transmitted through the bar channel with the further increase of input intensity.  Among the four 
experimental conditions, the minimum switching intensity is 16 GW/cm2 for s-polarized laser 
pulses launched to port 1 (Figure 34 (b)). With a nonlinear refractive index up to 400 times that 
of silica [38], the NLDC in ChG has a switching peak intensity reduced by two orders of 
magnitude, comparing to the NLDC demonstrated in silica [72, 73]. The variation of the 
switching peak intensities and the split ratios among the four experimental conditions can be 
attributed to the birefringence and the asymmetry between the two waveguides, where the latter 
plays a major role as inferred from the resemblance between Figure 34 (a) and (b), as well as 
between Figure 34 (c) and (d). 
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Figure 34. Output mode profiles and power switching curve for different experiment conditions: input to port 1 (a) 
p-polarized, (b) s-polarized; input to port 2 (c) p-polarized; (d) s-polarized. 
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5.3.3 Spectral and Temporal Changes 
The output spectra and pulse widths of the two channels of the NLDC are also measured. Figure 
30 shows the autocorrelation traces and the output spectra from both output ports of the NLDC 
when p-polarized pulses are coupled to port 2, corresponding to Figure 34 (c). The 
autocorrelation traces are measured when the input peak intensity is 90 GW/cm2, where the 
switching has occurred between the two ports and the power distribution is stabilized. In Figure 
35 (a), compared to the input pulse, output pulses from both channels are stretched; the side 
wings are suppressed for the output pulse from the bar channel, since the center of pulse with 
higher intensity is confined within it while the sides with lower intensity are coupled to the cross 
channel; the output of the cross channel emerges as a doublet from the head and tail of the input 
pulse. From Figure 35 (b) and (c), propagation light from both channels experience spectral 
broadening. The spectral width is larger for output from the bar channel, as a larger fraction of 
power is transmitted through it at high input intensity. Besides, the spectral broadening is 
asymmetric for the output pulse from the cross channel, with more frequency components 
generated in the long wavelength side. This is because the switching power is related to 
wavelength by
0
2
22
c
n c
P S
n



 . Longer wavelength components require higher switching power, 
thus they tend to be coupled to the cross channel while the short wavelength components are 
switched to the bar channel, resulting in the asymmetry of the output spectrum. 
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Figure 35. (a) Autocorrelation traces of the input pulse and output pulses from the two coupler channels with the 
peak intensity of the input being 90 GW/cm2. (b, c) Spectral evolution of the two coupler outputs, (b) Bar; (c) Cross. 
The input is p-polarized and coupled to port 2 of the NLDC. Each trace in the spectra is marked with the 
corresponding input peak intensity (unit: GW/cm2). 
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5.4 SUMMARY 
In conclusions, a nonlinear directional coupler is fabricated in gallium lanthanum sulfide 
chalcogenide glass by ultrafast laser. Compared to nonlinear directional coupler in silica, the 
ChG NLDC reported here has a reduced switching intensity of 16 GW/cm2. With increased input 
intensity, spectral width of the outputs of the NLDC is increased from 20nm to up to 140nm, 
while pulse stretching is insignificant for the short propagation length. The ultrafast writing 
parameters can be further optimized to enhance the symmetry of the NLDC so as to obtain 
uniform performance regardless of the input polarization or the input port.  
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6.0  NONLINEAR WAVEGUIDE ARRAYS 
In this chapter, nonlinear optical localization in an embedded waveguide array fabricated in 
chalcogenide glass is presented. The array, which consists of seven waveguides with circularly 
symmetric cross sections, is realized by ultrafast laser writing. Light propagation in the 
chalcogenide waveguide array is studied with near infrared laser pulses centered at 1040 nm. The 
peak intensity required for nonlinear localization for the 1-cm long waveguide array was 35.1 
GW/cm2, using 10-nJ pulses with 300-fs pulse width, which is 70 times lower than that reported 
in fused silica waveguide arrays and with over 7 times shorter interaction distance. These results 
demonstrated that ultrafast laser writing is a viable tool to produce 3D all-optical switching 
waveguide circuits in chalcogenide glass. 
6.1 INTRODUCTION 
An important lightwave architecture for all-optical switching is to utilize spatial soliton schemes 
in optical waveguide arrays built in nonlinear optical substrates [78, 79]. Chalcogenide glasses 
(GhGs) [36, 70] are a class of important optical materials known for their large nonlinear 
refractive index, wide transparent wave window that spans from visible to mid-infrared, and 
negligible two photon absorption (TPA) and free carrier generation at the telecom wavelength. 
These attractive material traits lead to a large nonlinear figure of merit (FOM) for chalcogenide 
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glasses for all-optical signal processing applications. Kerr spatial soliton has been demonstrated 
in a slab ChG waveguide fabricated by thin-film deposition [80]. Moreover, a number of 
nonlinear waveguide devices in ChG have been realized through fabrication techniques based on 
thin-film deposition and various lithography schemes [39, 40, 42]. However, the current thin-
film deposition and lithography techniques cannot produce multi-layer ChG waveguide 
structures, which are required for more complex optical interconnect architectures.  
The ultrafast laser writing technique is an alternative way to fabricate waveguide 
structures in bulk optical substrates with proven optical properties [15]. With this technique, it is 
possible to form three-dimensional (3D) structures and waveguides in arbitrary arrangements 
[16]. This fabrication approach has been successfully applied to produce 3D waveguide array in 
fused silica substrates to control spatial soliton propagation [81, 82]. However, due to the small 
nonlinearity (n2 = 2.7×10-20 m
2/W) in fused silica, the peak power required for nonlinear 
localization was reported at 1000 kW. Thus, it is highly desirable that spatial soliton waveguide 
arrays can be produced by ultrafast laser writing in large FOM materials such as ChGs to reduce 
the required intensity for switching.  
Ultrafast laser writing has also been applied to waveguide fabrication in ChG. The 
combination of large nonlinearity and low melting point of ChG glasses leads to highly 
elongated and large laser modified areas [43, 66, 67], resulting in an asymmetric multi-mode 
waveguide cross section, large propagation loss, and poor light confinement. The multi-pass 
writing scheme forms ChG waveguides with improved symmetry in cross sections. However, the 
large waveguide cross-sections only support single mode operation at mid-infrared 
wavelengths [83].  
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In this chapter, we demonstrate a one-dimensional waveguide array formed in ChG 
substrate by ultrafast laser writing for spatial soliton all-optical switching. Both spatial beam 
shaping and temporal pulse tuning are employed to obtain optical waveguides with circularly 
symmetric cross sections to support single mode guiding at both 1040 nm (pump) and at the 
telecom wavelength [45]. Nonlinear optical localization in the waveguide array is demonstrated 
with over 70-fold reduction in switching intensity comparing to silica-based devices and 7.4 
times shorter interaction distance, owing to the low waveguide loss (0.65 dB/cm), the large 
nonlinearity of the substrate material, and well-confined waveguide mode profiles. 
6.2 PRINCIPLES 
Light propagations in nonlinear waveguide arrays experience both linear diffraction and 
nonlinear self-focusing effects.  
Consider a 1D array with N identical parallel waveguides. Each of these waveguides 
support only one confined mode, and their individual modes overlap. Hence, every waveguide in 
the array is evanescently coupled to its nearest neighbor, resulting in the propagation of 
supermodes in the array. The mode fields in each waveguide are governed by the coupled mode 
equations [81], 
 1 1
n
n n n
dE
i E E E
dz
          (6.1) 
where β is the propagation constant, κ is the couple coefficient between adjacent waveguides. 
When only one waveguide at the center of the array is illuminated, the input power 
redistributes within the array via evanescent wave coupling, resulting in power concentration at 
 78 
the two sides of the array. Such diffraction in the discrete periodic structure is different from that 
in continuous bulk system, where most power is confined in the main lobe at the center. 
When the input power launched into the waveguide is large, the nonlinear index change 
arises from the Kerr effect breaks the symmetry of the periodic structure. The increased index in 
the guiding area enhances mode confinement and hinders the evanescent wave coupling among 
the waveguides. When the field intensity in the waveguide arrays exceeds the threshold, the 
localization from nonlinear response cancels out the linear diffraction, discrete solitons (DS) are 
formed in the nonlinear waveguide array. In this case, the mode fields are governed by the 
discrete nonlinear Schrodinger equation: 
 
2
1 1
n
n n n n n
dE
i E E E E E
dz
          (6.2) 
where γ represents the χ3 nonlinearity. 
6.3 WAVEGUIDE ARRAY IN CHG 
The substrate material used in the experiments is the arsenic-free gallium lanthanum sulfide 
(GLS) ChG. In the ultrafast laser writing process, a Coherent RegA 9000 laser system operated 
at 800 nm with a repetition rate of 250 kHz was used for the waveguide writing. By adjusting the 
pulse compressing grating pairs in RegA 9000, the pulse width of the laser output was tuned to 
1.7 ps for optimal processing outcomes [45]. The polarization of the laser was parallel to the 
laser writing direction. A cylindrical telescope was used to shape the focal volume by 
introducing astigmatism normal to the waveguide writing direction [44]. An 80X objective (NA 
= 0.75) was used to focus the laser beam at 237 µm below the surface of the ChG sample. Both 
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the temporal adjustment of laser pulse width and the spatial control of focal volumes are critical 
to yield waveguide arrays with desired characteristics in terms of guided mode profiles and low 
propagation loss. GLS glass sample with size of 10 × 10 × 2 mm3 were used for the waveguide 
inscription. A three-axis motion stage (Aerotech) was used to control the laser writing pattern. 
All waveguides were written at a rate of 2.4 mm/s.  
A one dimensional waveguide array in ChG that consists of seven 1-cm long waveguides 
with a 9-um separation is formed. Figure 36(a-b) show the microscope images of the output facet 
of the waveguide array and the array structure. With astigmatic beam shaping and temporal pulse 
tuning, symmetric waveguide cross section (Figure 36(c)) is obtained in this highly nonlinear 
material, while an un-shaped writing beam with transform-limited pulses at 300 fs results in an 
elongated waveguide cross section (Figure 36(d)) . 
 
Figure 36. Microscope images of (a) the output facet of the waveguide array; (b) the top view of the array structure; 
(c) symmetric waveguide cross section formed with a shaped writing beam; (d) elongated waveguide cross section 
formed with an un-shaped writing beam. Scale bar in (c) and (d): 10 µm. 
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6.4 NONLINEAR OPTICAL LOCALIZATION IN WG ARRAY 
6.4.1 Experiment Setup 
Light propagation through the ChG waveguide array was studied using the IMPULSETM 
femtosecond laser system that generates pulses centered at 1040 nm with a repetition rate of 
200 kHz. The pulses are sent through a pair of parallel gratings to tune its pulse width to 300 fs. 
An aspheric lens with f = 13.86 mm, NA = 0.18 is used to launch laser pulses into the center 
waveguide in the array. The outputs from all waveguides are collected and collimated using 
another aspheric lens with f = 4.51 mm, NA = 0.55, and are imaged on a CMOS camera via a 
lens with 300-mm focal length.   
 
Figure 37. Schematic of the experiment setup for characterization of WG array. 
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As a reference, an individual waveguide is also formed using the same writing 
parameters, and characteristics of light propagation is first tested in this waveguide. The cross 
section of the waveguide is measured to be 5.9 × 6.3 µm2, and its insertion loss and mode profile 
are measured for light propagation at 1040 nm. The insertion loss of the waveguide is 4.43 dB, 
which includes 1.5 dB reflection loss from the input and output facets of the ChG substrate, 0.65 
dB propagation loss, and an estimated coupling loss of 2.28 dB. Figure 38 (a) shows its guided 
mode profile at 1040 nm. ChG waveguides formed with a spatially shaped writing beam at 1.7-
ps pulse duration support only one confined mode. The mode field diameters (1/e2 diameters) are 
found by Gaussian fitting of the intensity profile, with 10.46 µm along the writing beam 
direction, and 8.25 µm in the orthogonal direction. As a comparison, without spatial beam 
shaping or temporal pulse tuning, the resulted waveguide with elongated modified area (Figure 
36 (d)) has two guiding areas and supports a much less confined guided mode profile, as shown 
in Figure 38 (b). 
 
Figure 38. Guided mode profiles of an individual waveguide (a) formed with spatially shaped writing beam; (b) 
formed with un-shaped writing beam. 
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The laser pulse duration after propagation through the waveguide is also measured by a 
custom-built autocorrelator. The auto-correlation measurement results from an individual 
waveguide output are shown in Figure 39 (a) for 2-nJ and 10-nJ input pulses at 300 fs. Although 
the pulses experience normal group velocity dispersion (GVD) in ChG at the 1040-nm, due to 
the short propagation length, the laser pulses are preserved through the ChG waveguide. 12% 
and 40% pulse broadening were observed for 2-nJ and 10-nJ pulses, respectively. Significant 
frequency chirp imposed on the pulse by self-phase modulation appears to be the cause of the 
increased pulse broadening at higher pulse energy, which is evident in the output spectra 
measurements shown in Figure 39 (b).  
 
Figure 39. (a) Autocorrelation traces and (b) output spectra of individual waveguide outputs with input pulse 
energies of 2nJ and 10nJ. 
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6.4.2 Nonlinear Localization in ChG WG Array 
To observe nonlinear optical localization, the pump pulses are tuned to 300 fs in width and 
launched into the center waveguide of the array. With the input pulse energy ranging from 1.125 
nJ to 25 nJ, the output patterns of the ChG waveguide array were imaged by a CMOS camera 
and presented in Figure 40.  
At low input pulse energies, pulse propagation through the waveguide array is dominated 
by linear diffraction. With only the center waveguide excited, the input power launched to the 
center waveguide is dissipated among the adjacent waveguides by evanescent wave coupling. 
The output power distribution shown in Figure 40 is slightly asymmetric about the center 
waveguide, probably due to writing conditions for the symmetric waveguides are not identical 
due to the different orders of laser writing in the fabrication process.  
With the increased input pulse energy, the optical localization becomes prominent as the 
nonlinear self-focusing gradually overcomes the linear diffraction, as shown in Figure 40. The 
fractional optical power retained in the center waveguide increases from 3.8% to 44.5% when the 
input pulse energy changes from 1.125 nJ to 10 nJ. Considering the 40% broadening of pulse 
width at 10-nJ, the peak intensity for maximum nonlinear localization in the 1-cm long ChG 
waveguide array is estimated at 35.1 GW/cm2. This is over 70-times less than the peak intensity 
required to achieve nonlinear localization in a 7.4-cm long waveguide array fabricated by the 
ultrafast laser in fused silica [81, 82]. 
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Figure 40. Measured output patterns of the ChG waveguide array with various input peak power. 
6.4.3 Nonlinear Absorption in ChG WG Array 
When the input pulse energy exceeds 10-nJ, the fractional optical power retained in the center 
waveguide starts to decrease as shown in Figure 40. This is probably due to the two-photon 
absorption of ChG at 1040 nm. Although negligible at 1550 nm, considerable two photon 
absorption in ChG is present for the 1040-nm laser pulses used in the experiment. This is 
confirmed by the numerical simulation shown in Figure 41.  
To validate the experiment results, nonlinear optical propagation in the ChG waveguide 
array was numerically simulated. The evolution of the electrical field in each waveguide in the 
array can be described by a set of coupled mode equations [84]. With the presence of the 
nonlinear Kerr effect, the two-photon absorption, and the linear attenuation, the equation for the 
electrical field En in the nth waveguide can be described as, 
   2 21 1 1 2/n n n n n n n nidE dz E E E E E i E E             (6.3) 
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where β is the propagation constant, κ is the coupling coefficient between adjacent waveguides, 
α1 and α2 are the coefficients corresponding to the linear and nonlinear waveguide loss, and γ is 
the nonlinear parameter that describes the Kerr nonlinearity in the waveguide. The linear 
attenuation α1 = 0.65 dB/cm, is the propagation loss in the ChG waveguide [45]. The coupling 
coefficient κ is 115 m-1, which was determined experimentally by the output power distribution 
of the waveguide array in the linear propagation regime [81].   
Both experimental results and simulation of the ChG waveguide array output as the 
function of input pulse energy are presented in Figure 41. The measured fractional powers of 
each waveguide output in the array are shown in Figure 41 (a) while the simulation results are 
shown in Figure 41 (b-c).  
The purpose of the simulation is to understand why 100% nonlinear optical localization 
was not achieved in the experiment and the fractional optical power retained in the center 
waveguide decreased at higher pulse energy as shown in Figure 40. The nonlinear refractive 
index n2 and two-photon absorption coefficient α2 at 1040 nm for GLS glasses were used to best 
fit the experimental results shown in Figure 41 (a). The nonlinear refractive index n2 at 1040 nm 
used to produce the simulation results shown in Figure 41 (b) is slightly larger than the reported 
value (2.16×10-18 m2/W) measured at 1550nm [85].  
Figure 41 (b-c) compare the effect of the two-photon absorption on the device 
performance. Simulation results shown in Figure 41 (b) were obtained using the two-photon 
absorption coefficient α2 = 0.105 W-1m-1, while Figure 41 (c) shows the simulation results with 
no two-photon absorption (2 = 0) but identical n2. It is clear that a complete nonlinear optical 
localization can be achieved at reduced input pulse energy if the two-photon absorption can be 
ignored. Figure 41 (b) also shows that the two-photon absorption is the cause of reduced optical 
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localization at high input pulse energy (E > 10 nJ), which is consistent with the experimental 
observations shown in Figure 40 and Figure 41 (a).  
It is worth noting that the optical localization realized in the nonlinear ChG waveguide 
array is not caused by thermal optical effects. Based on the value of nonlinear refractive index of 
ChG inferred from the experiment results (2.16×10-18 m2/W),  with input pulse energy at 25 nJ, 
the nonlinear refractive index change is estimated to be 1.9×10-3. As the temperature dependence 
of chalcogenide glass’s refractive index is 75×10-6 /°C [86], a local temperature change of over 
25 ºC would be required to result in such refractive index change.  However, in the experiment, 
the ChG sample was placed on a passive heat sink to allow heat dissipation, and a low repetition 
rate at 200 kHz of the pump pulses was used to minimize heat accumulation, considering the 
diffusion of thermal energy is on a microsecond time scale [16].  Besides, the nonlinear ChG 
waveguide array was also tested with 600-fs pump pulses. Compared to using 300-fs pump 
pulses, about twice the average power of the pump beam was required to reach the same peak 
power of each pulse, and to realize nonlinear optical localization. This experiment result also 
corroborates that the optical localization was not a result of thermal optical effect in the ChG 
material. 
6.5 SUMMARY 
In conclusions, nonlinear optical localization is realized in a one dimensional waveguide array. 
Using temporal pulse tuning and spatial laser beam shaping, symmetric nonlinear waveguide 
arrays that preserve the large intrinsic material nonlinearity was realized by the ultrafast laser 
writing technique. Light propagation in the ChG waveguide array is studied with near infrared 
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laser pulses centered at 1040 nm. The peak intensity required to achieve the maximum nonlinear 
localization for the 1-cm long waveguide array was 35.1 GW/cm2, which is 70 times lower than 
that reported in fused silica waveguide arrays and with over 7 times shorter interaction distance. 
The comparison between the experimental results and the theoretical simulations also suggest 
that the waveguide array could achieve better performance at 1550 nm while two-photon 
absorption is negligible. Results reported in this paper demonstrated that ultrafast laser writing is 
a viable tool to produce 3D all-optical switching waveguide circuits in chalcogenide glasses.  
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Figure 41. Fractional powers of outputs from ChG waveguide array. (a) Measured results; (b) Simulated results 
with two photon absorption; (c) Simulated results without two photon absorption. 
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7.0  CONCLUSIONS AND FUTURE WORK 
The work presented in this dissertation includes the investigations on both active and passive 
optical components that could serve as building blocks for realization of on-chip optical network 
capable of high bit-rate optical signal processing and transmission.  
Chapter 2 focuses on vertical cavity surface emitting laser (VCSEL) as the active optical 
signal source, and explores the transverse mode-locking of VCSEL. To satisfy the two 
requirements for mode-locking, operating conditions for VCSEL transverse modes to have 
equidistant spacing are found, and phase synchronization among VCSEL modes are achieved. To 
obtain stable pulsed emission of VCSEL with good beam quality, VCSEL cavity could be 
optimized to support transverse modes with similar emission intensities, and the fabrication 
process should be improved to guarantee the circular symmetry of VCSEL cavity. 
Chapters 3 to 6 focus on nonlinear passive optical components in chalcogenide glass 
(ChG) substrates. In chapter 3, in consideration of the material properties of ChG and the 
characteristics of ultrafast laser writing, spatial beam shaping and temporal pulse tuning are 
utilized to allow control over the transverse geometry of ChG waveguides and hence their 
guiding performance. 
In chapters 4 to 6, waveguide structures including waveguide Bragg gratings, nonlinear 
directional couplers, and nonlinear waveguide arrays have been designed in ChG substrate and 
fabricated by ultrafast laser writing. Nonlinear operations of the structures are numerically 
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simulated by solving the coupled mode equations that describe each structure. After fabrication, 
each of these structures are tested with their nonlinear functionalities. Fabrication simplicity is 
offered by the ultrafast laser writing technique, while smaller structure sizes and reduced optical 
power requirement for nonlinear operations are achieved due to the outstanding nonlinear 
properties of chalcogenide glasses. 
However, the advantage of ultrafast laser writing for making 3D structures are not fully 
exploited. Chalcogenide glass offers superior material properties as substrates for nonlinear 
optical waveguide structures, but the relatively poor thermal stability causes difficulty in 
controlling the laser-material interaction, especially in material processing with changing depth. 
Meanwhile, writing power, sample translation speed, and focus depth all need to be carefully 
compensated when writing at different depths in the sample, so as to obtain uniform waveguide 
structures within the 3D structure. Therefore, a more thorough study on the laser-material 
interaction for ChG could help to gain better control over waveguide characteristics, as well as to 
enhance performance of the optical waveguide structures. 
In this work, design and simulation of optical waveguide structures are based on coupled 
mode equations, with the assumption that uniform cross section along the waveguide. Exploiting 
the advantage of ultrafast laser writing, arbitrary waveguide cross section could also be obtained 
to accommodate the needs of structure design. And in order to account for the variation along the 
waveguides, finite element analysis together with beam propagation methods would be needed 
for structure simulations. 
In the end, the work presented in this dissertation focused on the function and 
performance of several individual optical components, while the realization of an on-chip optical 
network would require integration between signal sources and passive optical components, as 
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well as integration among passive optical components. Optical signals can be passed along 
sequential components via optical interconnects, which are essentially optical waveguides, and 
their low insertion loss, integration compatibility, and ability to preserve signal integrity are 
crucial to ensure the performance of each individual component. Ultrafast laser writing makes it 
simple for the fabrication of photonic integrated circuit with several optical components within 
the sample substrate; for the connection between different substrates, it also allows flexible 
designs of optical interconnects and mode converters. Future work on the integration among 
individual optical components could further exploit the advantages of this fabrication technique 
and the chalcogenide glass materials. 
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